The integrated missile design optimization process is proposed by implementing the aerodynamics database (Aero DB) and tactical missile design (TMD) spreadsheet to obtain a quick and relatively accurate optimal air intercept missile configuration at the conceptual design stage. The Aero DB is constructed to replace an existing aerodynamics analysis module in the TMD spreadsheet and to provide stability and control coefficients as constraints for improving missile range performance based on the body-wing-tail configuration baseline. Sensitivity analysis is performed on an entire missile geometry and flight condition variables to eliminate the small effects of design variables on missile range and constraints under a PHX ModerCenter Ò 10.1 integration environment. The optimal missile configuration shows 27.8% improvement in total range compared with a body-wing-tail configuration baseline while all constraints are satisfied. The proposed integration of the missile design program using Aero DB demonstrates more accurate and reliable results which are validated by high-fidelity analysis ANSYS Fluent 13 Ò on the optimal missile configuration compared with TMD aerodynamics analysis results. The maximum difference between ANSYS Fluent and Missile DATCOM is 11.76% at 10 degrees of AoA compared with 37.97% for TMD aerodynamics analysis and ANSYS Fluent difference.
Introduction
The U.S. Air Force Missile DATCOM Ver. 97 software 1) is used widely in stability and aerodynamic analyses for wing-bodies and tails.
2) Basically, Missile DATCOM is an engineering level computer code that predicts the aerodynamic forces, moments, and stability derivatives of axisymmetric and non-axisymmetric missile configurations for a wide range of attack angles and Mach numbers. The capabilities of missile DATCOM are comprehensive in computing a wide range of flight conditions from subsonic to hypersonic speeds, and control surface deflections from À35 to 35 Ó 2014 The Japan Society for Aeronautical and Space Sciences degrees. 1) Moreover, Missile DATCOM is also used for predicting and evaluating missile aerodynamic characteristics at high angles of attack up to 90 degrees. 3, 4) In addition, Missile DATCOM is considered to be an aerodynamic module for various missile conceptual design applications such as the preliminary design of liquid-propellant missile system with single and multi-objective optimization 5, 6) and for supersonic missile preliminary design 7) in which it provides faster and more competitive results compared to the other aerodynamic code-Aerodsn. 6) Nowadays, missile aerodynamic databases are used as a very important module for missile simulation and autopilot. 8) Besides that, aerodynamic databases are widely applicable for missiles, aircraft conceptual design and simulation, 8, 9) and wind-induced pressure time series on the envelope of various low buildings. 10) There are many tools to construct the aerodynamic databases which are wind-tunnel test, 9) and to use highfidelity analysis for some critical lateral jet missile conditions.
11) However, to construct aerodynamic database used for missiles, aircraft simulation and autopilot require large computational cases and time to interpolate accurately during different flight conditions. Hence, the computation cost and accuracy of problem must be compromised before proceeding to construct the database for applications. Therefore, the aerodynamic database (Aero DB) program is developed for arbitrary missile by implementing the missile DATCOM 97 as a core analysis. The pre-and post-processes are programed by MATLAB Ò to arrange inputs and outputs into the right format for the flight simulation and missile conceptual design optimization.
In this study, the validation of body-wing-tail configuration is performed on Missile DATCOM comparing with an experimental data. The short and medium range missile medium range configuration are selected to generate Aero DB and to investigate missile aerodynamic characteristics. The missile conceptual design optimization process implementing Aero DB program is proposed and demonstrated by maximizing a total range of a baseline missile bodywing-tail configuration. The validation of optimal missile configuration is performed using the high-fidelity analysis ANSYS Fluent to demonstrate the effectiveness of the proposed missile design optimization process.
Missile Aero DB Program Development
An accurate aerodynamics database for an arbitrary missile is extremely important and necessary for missile guided simulation, trajectory and design. Therefore, the missile Aero DB program is developed and presented. The Aero DB construction process is shown in Fig. 1 . The Aero DB program is composed of pre-process, execution and checking, and post-process. The Aero DB program is written using MATLAB Ò . Missile DATCOM is implemented as a main analysis tool in the Aero DB program. In addition, the investigations on aerodynamic characteristics of the arbitrary missile are presented.
Aero DB program pre-process
The pre-process is coded to read arbitrary missile configuration and flight condition and save automatically into the missile DATCOM input format. The Mach number, angle of attack and sideslip angle calculation range are specified in this stage to create Aero DB in the next step.
Execution and checking process
Missile DATCOM 97 is the aerodynamic analysis code in the Aero DB program. The validation of Missile DATCOM 97 and the checking process are presented to ensure that the accurate aerodynamics data and the correct output format are provided for the next application.
Validations of Missile DATCOM 97
The efforts are performed to reproduce the validation of Missile DATCOM 97 using a body-wing-tail configuration as shown in Fig. 2 with the experimental data and AeroPrediction 98 (AP98). [12] [13] [14] The AeroPrediction 98 (AP98) or current version AP09 15) released in 2009 is a semi-empirical code enhanced by an improved boundarylayer displacement model and refinement of several existing methods.
15) The normal force and pitching moment coefficients of body-wing-tail configuration analysis results show good agreement with the experimental data and AP98, and the maximum error between the predicted data and experiment data is approximately 5.2%. 13, 14) The normal force coefficient for body-wing-tail configuration validation is presented in Fig. 3(a) in which a similar trend of Missile DATCOM result is observed while comparing with the experiment data and AP98. The pitching moment coefficient comparison shows a right trend and good agreement with experiment data at less than 30 degrees of AoA in Fig. 3(b) . 12)
It shows a bigger gap while AoA is larger than 30 degrees compared with AP98. However, it is acceptable for constructing Aero DB and a missile conceptual design stage. Therefore, Missile DATCOM 97 is selected to construct Aero DB to implement for missile simulation and design optimization.
Checking process
The checking process is performed before reading and writing the output file correctly into aero databases, and RW DB is programmed in MATLAB. The RW DB consists of checking output format to detect the correct format form and reading into Aero DB. If the RW DB detects a different output format, users must go back to adjust inputs for Missile DATCOM.
Aero DB program post-process
The post-process is executed using the RW DB to write the missile outputs into the right format for flight simulation and design optimization. The 17 available aerodynamic coefficients including the static and dynamics coefficients are presented in Aero DB. Aerodynamic coefficients characteristics are investigated.
Medium and Short Range Configuration Aero DB Constructions
The air-to-air missile is broadly classified into two groups. The first group is designed to engage opposing aircraft at ranges of less than 30 km and are known as a short-range or within visual range missiles. Most short range missiles use infrared guidance called heat-seeking missiles. The second group are beyond visual range missiles including medium and long range missiles which tend to depend on radar guidance. Therefore, the short range medium range configuration and medium range short range configuration 14) are selected to test the Aero DB program and to investigate aerodynamics characteristics. The calculation ranges for the medium and short range configuration Aero DB construction are shown in Tables 1 and 2 , respectively. The control surfaces of medium range configuration consist of rudder and elevator. The short range configuration is composed of rudder, elevator and aileron surfaces.
Medium range configuration
The detailed configuration of the medium range type configuration 14) and flight conditions in Table 1 and Fig. 4 are modeled into the Missile DATCOM in order to generate the medium range configuration aerodynamic database. A turbulent boundary layer and full base drag conditions are assumed. Due to the requirements of flight simulation of the medium range configuration aerodynamics data, this study intends to build an aero-database of the medium range configuration with detailed configuration of medium range configuration for several critical flight conditions and for different bank angles. Additionally, the fin deflections are conducted with a range from À16:5 to 16.5 degrees and a Reynolds number of 2 Â 10 6 per foot. In coefficients are also calculated with the same range of Mach numbers, AoA and control surface deflection. In Fig. 5 (a), the axial force coefficients have similar tendencies with body-wing-tail configuration results 13) from subsonic to supersonic regimes. The medium range configuration produces the lowest drag at Mach number of 0.7 due to the main effects of skin friction, subsonic pressure drag and leading-edge bluntness considered in the Missile DATCOM method 16, 17) and then, it increases up to the Mach number of 0.9 in which the wave drag starts having a small contribution on total drag when shocks occur on the missile. At the Mach number of 1.1, the axial force coefficient reaches the highest values. This is because the leading-edge bluntness drag increases and the wave drag contributes the large portion in the total drag at this Mach number.
The discontinuity around 30 degrees, which appears from high subsonic up to Mach number of 1.1 shown in Fig. 5(a) , does not reflect the real missile aerodynamics correctly. The Missile DATCOM utilizes two distinct methods. The modified Allen and Perkins' method is implemented for AoA below 30 degree, and the Jorgensen's slender body theory is used for AoA above 30 degree. 16, 17) Hence, Missile DATCOM results presenting the discontinuity around 30 degrees is due to the switchover in two method calculations. However, the axial force coefficient predicted by Missile DATCOM still captures the tendency of missile aerodynamic characteristics. When Mach number increases up to 2.0 and 3.0, the main drag components are the wave drag that has a reducing tendency based on potential theory and the leading-edge bluntness that has a small reduction while increasing Mach number. Therefore, the trend of axial force coefficient is seen at Mach number of 2.0 and 3.0, as shown in Fig. 5(a) .
The normal force coefficient increases when the AoA increases from 0 to 40 degrees, as shown in Fig. 5(b) . However, the normal force coefficient at the supersonic regime is lower than at the subsonic and transonic regime. The reason is that the stronger shocks occur at the supersonic flow; therefore the normal force is reduced behind the stronger shocks. The pitching moment coefficient shows stability in the longitudinal direction. When the nose of the medium range configuration is up, the pitching moment coefficient is negative, as shown in Fig. 5(c) .
Three important aerodynamic coefficients, axial, normal and moment coefficients, are presented and analyzed for different flight conditions. These coefficients show the right trend and behavior of the medium range configuration. The remaining fourteen medium range configuration aerodynamic coefficients are stored in the database with a set of different sideslip angle, elevator and rudder.
Medium range missile short range configuration
The detailed short range configuration 14) and flight conditions in Table 2 and Fig. 6 are modeled into the Missile DATCOM to predict and construct the aerodynamic database. A turbulent boundary layer and full base drag conditions are assumed. Additionally, the fin deflections are conducted from 0 to 15 degrees and the Reynolds number is 2 Â 10 6 per foot. In Fig. 7 , three aerodynamic coefficients (the normalforce, pitching-moment and axial-force coefficients) are shown at the elevator deflection of 0. The axial force coefficient has a similar behavior with medium range configuration. However, the highest axial force coefficient variations are at Mach number of 2.0. The discontinuity around 30 degrees of AoA can be seen clearly up to Mach number of 1.1 in Fig. 7(a) . That is due to the switchover between 14) two calculation methods mentioned in the medium range configuration results. Although it does not reflect the real aerodynamics correctly around that switchover point, it is still able to capture the trend of the axial force coefficient. The axial force coefficient has a gradual change at supersonic regime, because of wave drag that has main contribution on total drag in this supersonic regime.
The normal force coefficient has a similar behavior with medium range configuration, as shown in Fig. 5(b) . It increases when AoA increases from 0 to 40 degrees and Mach number increases from subsonic to transonic regime. However, the normal force coefficient at the supersonic regime is lower than at the subsonic and transonic regime due to stronger shocks occurring in front of the nose of the missile. The pitching moment coefficient also shows stability in the longitudinal direction, as shown in Fig. 7(c) .
The short range configuration is designed and aimed with the most sophisticated radar guided air to air missile (AAM) and the aerodynamics performance as well. The short range configuration has the same length as the body-wing-tail configuration. However, the wing and fin of the short range configuration are designed to provide better performance and allow easy installation to fighters. The short range configuration aerodynamic charateristics are investigated and compared in normal force coefficient at Mach of 1.5 and roll angle of 45 degrees, as depicted in Fig. 8 . Therefore, it is concluded that the short range configuration aerodynamic characteristics have good agreement and reasonable results compared with the prior body-wing-tail configuration and published data.
Aero DB Program Application for Missile Concep-
tual Design Optimization 4.1. Missile design optimization process using Aero DB Aero DB is applied for the air-to-air missile conceptual design optimization process as shown in Fig. 9 . The analysis solver is composed of Aero DB constructed from Missile DATCOM and the TMD Spreadsheets.
18) The TMD Spreadsheet, which is based on semi-empirical equations, consists of aerodynamics, propulsion, weight, performance and trajectory analysis modules. TMD is quite appropriate for the conceptual design of missiles as it obtains conceptual results quickly and effectively. The validation is performed for the body-wing-tail configuration in Fig. 3 at launch conditions which are Mach 0.8; altitude of 20,000 ft; flight range of 7.7 n miles, exceeding the requirement of 6.7 n miles by 15%. The body-wing-tail configuration baseline achieves the required flight range of 6.7 n miles within a time that is 14% shorter than the required time of flight (21 vs. 24.4 s).
18)
The Aero DB is stored and called to replace an aerodynamics analysis module in the TMD Spreadsheet and to provide stability and control coefficients to an optimizer as shown in Fig. 9 for missile trajectory, propulsion and dynamics analysis in the TMD Spreadsheet at different flight conditions including boost, sustain and coast stage after launching from a fighter. The lift, drag and stability coefficients are estimated from Aero DB using Table lookup as shown in Fig. 9 which implements the linear interpolation technique between nearest points through Mach number, side slip angle, control deflection angle, and angle of attack variables provided from the flight conditions.
The sensitivity analysis module is implemented to eliminate small effects of design variables on objective function and constraints. The optimizer is integrated to an analysis solver to seek an optimum missile configuration with an improvement in performance characteristics. The integration of missile design optimization is completed in PHX ModelCenter 10.1.
19) The high-fidelity analysis ANSYS Fluent 20) is implemented to validate aerodynamics analysis results for an optimum configuration.
Air-to-air missile sensitivity analysis
Sensitivity analysis is performed on 24 variables including missile characteristics and configuration using a Latin hypercube and orthogonal method in ModelCenter 10.1 19) with 300 design points to address the effects of design variables on performance and stability parameters such as boost, sustain and coast range, pitching, directional, and lateral moment coefficient. Sensitivity analysis helps to determine main design variables affecting the objective and constraints function.
The most effective variable for total range parameter is a missile diameter at 66% which causes a large increment in drag while increasing missile diameter. It effects the range of each boost, sustain and coast range. Other factors include launching altitude (h), terminal Mach (M ter ), boost weight (W boost ), nose length, cruise weight (W cruise ), launch Mach number (M launch ), and launch weight (W L ) which have a smaller sensitivity to total range of missile as shown in Fig. 10 .
The drag for the sustain condition mainly effects on missile diameter (61%). The missile CG longitudinal location (X CG ) has a 16% effect on drag coefficient. The remaining effects including missile length, wing area (S W ), tail location (X tail ), and wing location (X W ) are considered as shown in Fig. 11. 
Missile design formulation
The specific mission profile for the body-wing-tail configuration baseline is shown in Fig. 12 which is divided into boost, sustain and coast phases. The propulsion, structure, trajectory and dynamic analysis module are maintained to complete this given mission profile in the TMD Spreadsheet. 18) Only aerodynamics and stability coefficients are derived from Aero DB.
The total range including boost, sustain and coast stages is selected as an objective function to be maximized. The aerodynamics and stability constraints are listed as follows for boost, sustain and coast stage conditions. The design variables are reduced to 16 variables after the sensitivity analysis process in which small sensitivity of the variables and launch speed are removed from formulation as shown in Table 3 . The lower and upper bounds are set from AE20% from a baseline for design space. Maximize: 
ðjC l jÞ i ð0:3jC la jÞ i ðjC m jÞ i ð0:3jC me jÞ i
Where: i ¼ boost, sustain, and coast
Optimizer solver
The Design Explorer algorithm, developed by Boeing and integrated into PHX ModelCenter 10.1, 19) helps to search on an entire design space by surrogate models with sequential optimization algorithm (SEOPT).
21) The Design Explorer has been implemented and validated in many Boeing design applications such as high lift aerodynamics, multidisciplinary wing planform design, forming of aircraft wing skin, engine duct seal, and other products.
21) The tolerances are set up for objective functions, constraints and projected gradient which are 0.001, 0.001 and 0.01, respectively. The tolerances are set by the recommended convergence criteria of the Design Explorer algorithm in the Model Center 10.1. If there is no improvement in one of these tolerances, the program is terminated.
Optimum missile design configuration
The optimum missile configuration is shown in Table 3 with 27.8% improvement in a total range including boost, sustain and coast conditions from 41,419 feet of baseline to 52,935 feet of optimal configuration. Sixteen missile configuration design variables are determined by an optimizer for an improved range shown in Table 3 . The 2D and 3D optimum configuration comparison with a baseline are presented in Figs. 13 and 14 .
The launching altitudes from fighters are close to a baseline conditions. The optimum wing configuration becomes bigger in area and moves backward along to a missile longitudinal direction. Hence, the lift coefficient over wing increases to extend the range of each flight condition including boost, sustain and coast with a thinner airfoil in optimum missile configuration at 3.96% of maximum thickness ratio. The optimum tail fin becomes larger than a baseline with a tapered tail fin and moves backward 27 inches in order to satisfy the stability constraints while wing area is increased and moved backward for better aerodynamics characteristics. The optimum missile body is longer than a baseline at 30 inches. The optimum body fineness ratio, which is calculated as body length to diameter, becomes longer to provide better lift and less drag on the optimum configuration. The body fineness ratio is 18 which still lies between 5 to 25 for air-to-air missile guidance. The nose bluntness is reduced to 4% compared to 5% as a baseline value. It reduces the body drag with a smaller nose bluntness as shown in Table 3 . The nose fineness ratio, which is defined as nose length to body diameter, is reduced slightly due to the increment of diameter. However, the optimum nose length is reached at a baseline value.
The optimum missile configuration shows a lower parasite drag and higher lift to drag ratio values compared to the body-wing-tail configuration baseline for the boost, sustain, and coast missile flight conditions. It results in increasing the range of boost, sustain and coast stage as shown in Table 3 . The pitching and rolling moment coefficient constraints are satisfied while a bigger fin tail and further back movement of tail location are made in the optimum missile configuration as shown in Figs. 13 and 14 . In addition, the center of gravity is moved backward 4 inches to satisfy pitching and rolling moment coefficient. Therefore, the missile configuration design optimization problem is successfully formulated to obtain an optimum missile configuration with an improvement in total missile range while implementing aerodynamics and stability database generated from Missile DATCOM to replace aerodynamics analysis module in the TMD Spreadsheet.
High-fidelity analysis validation
High-fidelity analysis ANSYS Fluent 13 20) is used to validate the optimal configuration results as shown in Fig. 13 . Steady state calculations are used to compute aerodynamic coefficients and flow field of the optimum missile configuration using ANSYS Fluent 13. The mesh is modeled using Pointwise 16 22) grid generation software. Reynolds-averaged Navier-Stokes (RANS) equations are applied to describe flow around the missile. The single equation Spalart-Allmaras turbulent model (S-A), which was specifically developed by Spalart and Allmaras for aerospace applications involving wall-bounded flows, is used in the current calculation. The model shows good agreement for boundary layers subject to adverse pressure gradients.
Flow around half of the optimum missile configuration is investigated due to symmetric missile geometry. For precise calculation of boundary layer properties, dense mesh is generated around missile configuration. Yþ value at the wing and tail surface is equal to 1.0 and greater than 1.0 at the body surface. Applying a Yþ value at the body surface of less than 1.0 leads to high aspect ratio cells and mesh geometry problems. Dense mesh with a number of grid points of 3.1 million is used to precisely predict aerodynamic characteristics of the optimum configuration. Grid topology is shown in Fig. 15 . Due to the complex flow at the rear part of the missile it is decided to use a density-based solver with CFL number equal to 0.5 at the first 5,000 iterations and 3 to 5 at later iterations. This approach allows us to obtain a converged solution of the flow around the optimum missile configuration. Convergence criteria is selected as the maximum residual of velocity components, energy and continuity less than 10 À4 . The pressure coefficient contours along the missile surface are shown in Fig. 16 for 5 degrees of AoA. The weak shock captured at the top surface of the wing and strong pressure gradient at missile nose area are observed. The high-fidelity ANSYS Fluent 13 is calculated for 0, 5 and 10 degrees of AoA as shown in Fig. 16 . The normal force coefficient results on the missile optimum configuration are also performed with the TMD Spreadsheet aerodynamics analysis model and missile DATCOM to compare with the high-fidelity ANSYS Fluent 13 20) analysis results in Fig. 17 . The comparison graph indicates that the TMD Spreadsheet and Missile DATCOM predict a normal force
Optimum missile configuration
Body-wing-tail configuration coefficient quite close to high-fidelity analysis results at low AoA of approximately 5 degrees. At higher AoA, the TMD Spreadsheet and Missile DATCOM shows an overestimated lift coefficient as shown in Fig. 17 . The Missile DATCOM is closely predicted with ANSYS Fluent 13 results compared with TMD analysis as shown in Table 4 . The maximum normal force coefficient difference with ANSYS Fluent 13 is 11.76% at 10 degrees of AoA while the TMD aerodynamics analysis result shows a 37.95% difference with ANSYS Fluent at 10 degrees of AoA in Table 4 . In addition, the designed missile mission profile operates at approximately 7 degrees of AoA as shown in Fig. 12 . Therefore, it is worthy to replace an aerodynamics analysis module in the TMD Spreadsheet by Missile DATCOM for obtaining more accuracy and reliability at a missile conceptual design stage.
Conclusion
The investigations on short and medium range missile aerodynamic characteristics of medium range configuration and short range configuration were addressed by implementing the results from a developed Aero DB program. The validations of Missile DATCOM were reproduced for the body-wing-tail configuration by comparing with experiment data and AeroPrediction AP98. The investigations on medium and short range configuration aerodynamic coefficients show the correct aerodynamics trend and capture the physical phenomena of air-to-air missiles.
The conceptual missile design optimization process was established to obtain a quick and relatively accurate optimal missile configuration. The Aero DB was implemented successfully and efficiently into a missile conceptual design stage for replacing aerodynamic analysis module of the TMD Spreadsheet and providing stability coefficient constraints supporting resizing of an air-to-air missile configuration by maximizing total range performance. A 27.8% improvement in a total range was obtained by an optimal missile configuration while satisfying given aerodynamics, stability and performance constraints.
The high-fidelity analysis performed on the optimal missile configuration using ANSYS Fluent 13 demonstrated more accurate and reliable results provided by Aero DB rather than the TMD Spreadsheet aerodynamics analysis at angle of attack up to 10 degrees. 
